Parallel Data Redistribution Over a Backbone by Cohen, Johanne et al.
HAL Id: inria-00071861
https://hal.inria.fr/inria-00071861
Submitted on 23 May 2006
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.
Parallel Data Redistribution Over a Backbone
Johanne Cohen, Emmanuel Jeannot, Nicolas Padoy
To cite this version:
Johanne Cohen, Emmanuel Jeannot, Nicolas Padoy. Parallel Data Redistribution Over a Backbone.









   



















ap por t  
de  r ech er ch e 
THÈME 1
INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE
Parallel Data Redistribution Over a Backbone
Johanne Cohen — Emmanuel Jeannot — Nicolas Padoy
N° 4725
Février 2003
Unité de recherche INRIA Lorraine
LORIA, Technopôle de Nancy-Brabois, Campus scientifique,
615, rue du Jardin Botanique, BP 101, 54602 Villers-Lès-Nancy (France)








































ft|}|R\[vzct´Kµ¶e··¸k¹0ºK»x¼F·½	» ¹}¾F¶ºL»xº · ÀÁÂ ·ÃFÄTÅ »xÇ8È¦É¯Ë°µªÌ$ÍAÎ*\«dmj¨ÏBo2ÐmÑ©rAZ]|Yvz\j[¥ è \O|Yv{g}dYrAg}d|YpnrFhrA}d°®8g y{vª\«dmjy{Z]|Rr8dmÐ
deyzYv{\O ft|Y|}perÔiTy{Z*\[pÕ°oªÖ




"æ [ ä $# 	  a
\[Ty¢d~jepnyzYgYjey{rhT\Trh}Yc\«d¬Ty{}ft|}perÔiTy{Z]ftjey{rh?¬TfhvzArhpny jnWYZ]\P ft|}|YperÔiTy{Z_fFjey{rh ¬C[ftv¢	gYv?degYp
v¢f*hpnyzv{vz\



















^h¬¿¥  ÓjnWYy¢d²|Rft|.\pB\§d~jegRTlÓf_h\[Y\pftv{yz­«fFjnyzrArh 2jeWY\*|}fhpnfhvzv{\v }fFjnfpe\«Ty¢dmjnpey{YgTjnyzrA?¥  }T\[\[¬rh8jepftpnlOjnrIderhZ]\
|Ypn\Cy{rhg}drhpn¤Td°jeWRfFj§rAYv{l+T\«ftv©




































y jnWYy{f]pnftjey{r*CgYZ§R\[pBdeZ]fhvzv{\pkjeW}ftj ØÙ y¢d











yz}]fhpnW}y jn\[jngYpn\h¥quÜ	v{g}d~je\[p Q<R rt qt*oÑ  d

yzjeW£^[A§ÒY|}dk}\	jmrhpn¤
fhpn}d$y{dkrhY}\[jn\[IjerOf_vzgRdmjn\p QTS rh 2h§o$Ñ  dB
y jnW+^«_ÒÓY|}dkY\	jmrhpn¤fhpn}d¬Tg}dey{YOf^¨wPY|}dkRfh¤CRrAY\h¥qV$WCg}d
Û ß\[Y¬OWX0Û^]#[\[Y¬WYX XRÛ_]-[]ft}`U Ûa]#[\[[Y¥
+\§fhdndegYZ]\jeW}ftjBjnWY\*rhZ]Z¨g}Yy{[fFjnyzrAÓ|}fFjeje\pnrh 2jeWY\§pe\«Ty{d~jepny{YgTjey{rhÓy¢d²hy{h\ ¥²V$WYy¢dB|RfFj~jn\pnÓy{d²Z]rTT\v\[ÓCl
fÓºL¶e¾'b Á ¸]¾tºK¶»dcPe Ûf%hgjilk m) Rn ilk m nTo ¬.
WY\[pe\g-ipk m¨pn\|Ypn\[de\8jdjeWY\*ftZ]rhgY8jkrh 5y{T ¯rApeZ_fFjnyzrAjeW}ftjBZ¨gRdmjB.\\iTWRftYA\[
































y¢dkjnrIftv{v{rF |}pe\[\Z]|Tjey{rh ¬.yL¥ \jeW}\§|.rAdnd~y{Yy{vzyzjmlIjery{8je\[pepngY|Tj²jeWY\§jepft}deZ]y{dndeyzrArh ©f_Z]\[dndnfth\§ft}rhZ]|Yv{\	jn\¨yzjPv¢fFjn\p«¥
 |Ypfhjny{\h¬CjnWYy{dkyzChrAvzA\[df]YrhY\[hv{yzAyzYv{\	r8dmj«¬Yftv{v{\[ À ·ºL´ Ä«¹£Ãh·Åz¾°fh}T\Yrhje\«IW}\pn\PClª¬}
WYy¢WIy¢d$jnWY\°jey{Z]\
Y\«	\[dndnftpnljerÓdmjftpej¨fY\ À º¿· ¹.¥_\_d~\jvWÛ Z]yz*%hWX WX X )°fhdPjnWY\_Z_fFiTyzZ§gYZCgYZ§R\[prt Z]fAWYy{Y\[d°y{Chrhv{h\«y{¡f
	rAZ]Z¨gYYy¢ftjey{rhdmjn\|fFj
jnWY\defhZ]\²jnyzZ]\A¬YrhRrhjeWÓdey{T\A¥





'   MW$ UÓ¬TjnWY\}fh¤C.rhY\°y¢d
deftjegYpfFjn\[IClOrhY\rhZ]Z¨gY}y{[fFjey{rh ¬T
WYy{Wy¢d$YrtjBfhIy{8je\[pe\«dmjnyzY_[fhde\h¥








WY\pn\/] + - *f2¥+\fh£d~y{Z]|Yvzyz ¯l+jeWY\YrtjfFjey{rh ¥ªfAWÊdmjn\|Ê[ft£.\
	rAZ]|Rr8d~\«¡rt BfFj*Z]rAd~j]³¦Û .0+ -21 rhZ]Z¨g}Yy{[fFjnyzrA}d¥7ÒÓrhpn\rFA\p«¬?jeW}\jnpnf>u_OZ]ftjepny i!e]¬q[ft£.\Ipn\|}v{fA	\[¡Cl+jeW}\
Z_fFjnpeyzi43ÜÛ %65 ilk m )





hpft|YW?> Û %6@ R A@ S ABv)ft}]fP|Rr8d~yzjey{h\$\«Th\ÐL\y{hW8j ¯gY}jnyzrA
CED BGFIH²¥ ªfhWYrTT\rh 5vzgRdmjn\p Q<R ¯pn\[de|?¥ QTS y{d













|}perAYvz\[Z³0´Kµ¶n·n·¸B¹.ºL»x¼Ô·*½	» ¹}¾F¶ºL»xº · ÀÁÂ ·ÃFÄTÅÆ»xÇCÈ7ÉxËµqÌ
ÍhÎF¬T ¯rApeZ_fhvzv{lOT\.RY\[fhd ¯rAvzv{rFkd-,
wPy{h\Êf©\[yzAW8je\[¡}yz|}fhp~jny jn\Apnfh|YWM> Û %6@ R A@ S NB C )¨
WY\pn\ COD BPFQH ¬qfhÊy{Ajn\A\p*³Êft}Êfpnftjey{rh}fhv






8g}Z¨.\pViÛZ_fticdAegf 9 C i %ih )¥
Y¥t7\¨Y\.}Y\ C i jeW}\\[TA\\y{hW8j
 ¯gY}	jey{rhrh 5\«fhWZ_fFjWYyz}jU i fAd$ ¯rhv{vzrFkd[¥
YrApBftClkhmlnB_¬po [irq R C i %6h )t 
C %ih )
WY\[pe\ C i %6h )4sV i yz thul4U i ¬ C i %6h )qÛ [*rtjnWY\pn
y¢d~\A¥
}¥ o [ivq R V i )2wxy(z`y¢d$Z*y{Yy{Z]yz­[\[¥














































































 «   âT,ªu ©\[yzAW8je\[IYy{|}ftpejeyzje\Apnfh|YWk>Û_%6@ R X@ S NB  C )
WY\[pe\ CED BFPHP¬fhIy{8je\[h\p$¤
f*pnftjey{rh}fhv08g}Z¨.\pRq¬}f*pfFjnyzrA}ftvCgYZ§R\[p }O¥
  â  æG,  d$jnWY\pn\f*rhv{vz\«jnyzrATSI%6U R AV R )W#%6U S AV S )0ZY8YZYZ#%6UM[\XVn[j)X]rt Fftv{y{\y{hW8je\«Z_fFjWYy{YAd
deg}WjnW}fFj>ÜÛ"o ivq R U i ¬}ftR4o irq R C %6U i )&wM (ky*a}O¥
 âCæ  â  "! ·	º5³w ß¾tÇ.Ã^$# [½·&% cC·nÃ_»xÇ}º ·LÈ8·¶ À' ËµqÌ
Í7» À)( µ$´ Á+* ¸k¹0Åz·º¿· '




¾t¶ºK»xºL» * ÇO|}perAYvz\[Z  1 ,
 «   âT,ªu}Yyzje\¨de\	j0/ ÛES21 R 31 S 8YZYZYZ3154]ftRIf]deyz­[\u`%61)_l87)9£ ¯rhpB\[fhW:1 l8/ ¥
  â  æG,  d$jnWY\pn\f*degY}de\	j;/ R0< / deg}WjnW}fFj o>= e@?BA `Y%C1<)qÛ o>= e@?EDF?BA `Y%61)HG
?\j `Y%I/)$ÛGo 4ivq R `Y%61Ti )¥Z+\§jepft}d~ ¯rhpnZê|}fhp~jny jnyzrAÓjerÕ°oªÖ
×, ?\	j/'Û S21 R 31 S 8YZYZY831 4 ]*R\*f$}Yyzje\*d~\jPfh}
fd~y{­\`Y%C1<)~l7)9 ¯rAp\[fhWJ1alK/êyz£fh+fhpeYyzjepftpnlyzRdmjft}\_rt 
µk¾F¶ºL»xºK» * Ç}¥ +\_Z¨g}d~j¨	rA}d~jepng}jft+y{}dmjft}\]rt 
Õ°oªÖ
×0¥8V$WY\
yz8jn\h\[p$ÓW}fAdqft_ftpnYyzjepftpnlFftv{gY\h¥ +\Bd~\jK} Û `%L/r)gwkk(NMfh}_³]Û ßT¥ +\B	rA}d~y¢T\[p5jeWY\
 ¯rAvzv{rF
y{Y
\y{hW8je\«Yy{|}fhp~jny jn\PApnfh|YW4> Û %6@ R X@ S NB  C ),
' @ R ÛES2O R 3O S 8YZY8YZ3O 4 3P23Q ]ft}z@ S Û S2R TS ]
' BÜÛ SY%6P&+ST)W#%CQp+ST)W#%CO i UR)W ¯rApr]%* q*VMT]























% )  \	j/ R R\]fd~rAvzgTjnyzrArt ªjeWY\µ
¾t¶ºK»xºL» * Çy{}dmjft}\h¥V$WY\[jnWY\§Ffhvzy¢Z_fFjWYy{YAd~SY%6O>i 3RO)j%CP&TS )W]#iW}fÔCy{Y
\y{hW8jnd `%61Ti )O
yzjeW q]deg}WjnW}fFj 1Ti l / R ¬BfhvzrAYÊ
yzjeWjnWY\+Ôfhvzy¢Z_fFjWYy{YAd SY%CO#m 3RO)j%CP2+ST)X].mWRfÔ8y{YÊ\y{hW8jd
`Y%C1Km#)
yzjeW s d~g}W jnW}fFj 1ml / / R fhpe\Êf d~rAvzgTjnyzrA rt OÕ°oªÖ
×0¥  RT\\« jeWY\degYZ rt *jeWY\«d~\Z]ftjnWYy{Y8dÓy{d





ftj$v{\[fAdmj$\[®8g}fhv0jer `Y%I/r).\[[ftg}de\²rh  jnWY\°\[TA\[dyzR	y¢T\8j$jer]h\[p~jn\	i:S ¥2V$WY\pn\ftpn\Pftjv{\[fAdmj Md~je\|Rd¬T.\[[ftg}de\
jeW}\_\[TA\[drhZ]yz}I ¯pnrhZéjeWY\ O i ftpn\_yz}y{Y\8j[¥I×Tyz}\]jeWY\I	rAd~jy¢dvzrF\pPjnW}ftx}O¬.rtjeW¡|Ypn\Cy{rhg}d°y{Y\«®AgRftv{y jnyz\«dftpn\
\[®8g}fhvzyzjey{\[d[¥]V$WY\pn\	 ¯rApe\§Yr\[TA\§y{}	y¢T\[Ajjnrf O i [ft+R\_de|Yvzyzj[¥]V$WY\_deyz­[\*rh fIZ_fFjnW}yzYy¢dfFjZ]rAd~jßK%LÛÞ³)Pfh}
.\[fhg}de\jnWY\rAd~j*\«®8g}ftv¢d~}¬ª\«fhWÊZ_fFjWYy{Y
 rt kjnWY\Ód~rAvzgTjnyzrA	rA8jnfty{}d*ft¦\[TA\Iy{}	y¢T\[Aj*jer¡f O i deg}WjeW}ftj
C %
r)R*s`Y%61 i ) ¯rhpqjeWY\BdnftZ]\ q¥5V$WCg}d2jnWY\kZ_fFjWYyz}Ad2rh .jnWY\Bderhv{gTjey{rh_[ft_.\k
peyzj~jn\%
 i ) Rn i n 4*¥2Ïk\«	\«dednftpnyzv{l\«fhW

 i 	rh8jfty{}dBfh\[Yh\§fAÔs~fh\8jBjnr P+rhp;Q0¬.WRfÔ8y{YjeWY\*©\[yzAW8j `Y%C1 i )0xjnWY\*dnftZ]\§©\[yzAWAj°fhdBjeWY\*rtjnWY\pP\[Yh\¨rh qjeW}\
Z_fFjWYyz}Y¬Ty{rhpT\pjnr_\	iTW}ftgRdmj$jeW}\©\[yzAWAjdrt  Pft}:Q0¥
?\j / R .\_jeW}\Od~\jrt jeWY\ 1i
deg}W+jeW}ftj
i²	rAAjfty{}dft¡\«Th\_fhFs~fh	\[8jjer P ¥V$WY\ ¬deyzR	\ C %6P&+ST)Û [ ?S ¬
`Y%I/ R )qÛ [ ?S Û `%L/ / R )	¥
×Cy{}	\P ¯rApkftClO¤ }iC\«¬T\PWRfÔh\PjeWY\dnftZ]\°|YpnrCrt m¬CjeW}\rhpn\Zé^Py¢d$|YpnrFh\[?¥

     5 O 		
 jeWYy¢dkde\[	jey{rh?¬Y\y{Z*|}perFA\BjnWY\pn\[degYv jky{@  L¥G7\|}perFA\BjnW}fFjkrAY\fhYYrtjBfh|Y|YpnrÔiTyzZ_fFjn\BjnWY\|Ypnrh}vz\[ZêÕ°oªÖ
×

yzjeWYy{Óf¨ àfAjnrhpkdeZ]fhvzv{\p$jnW}ft W *y  2ÚÛÝÚ]¥ +\Z*rTTyz ¯lOjnWY\pn\[Tg}	jey{rhyz@ù# AyzA\yz"ùT¬?^[ 
 !#"%$&(') !*,+.-/102.3547698:#;+.-/.'
 «   â  uêde\	j=<êÛ S8 R ZYZY8YZN?>Z]rh jn\[fAWY\pd¬fde\	j
Û SA@ R ZY8YZY0@4]Irt k	v¢fhdnd~\«d¬5ftÊfÔFfhyzv¢ftYy{v{y jml ¯gY}jnyzrA
3 D < (nS] ßc+c]RF S#[ -]]8¬8\jBf*pe\«®Ag}yzpn\Z]\8j$ ¯gY}	jey{rh2B D < (2
EF S#[ j]]
  â  æ  è r8\«d$jeW}\pn\P\iTy{d~jkftÓfhdnd~y{h}Z*\[8j© ¯gYRjey{rh1C D <"(D
 (nS] ßc+c]F S#[ j]]°d~gRWIjnW}fFj
^A¥ECM%<'i @ m n³K)qÛa]°y{Z*|}vzy{\[dR30%<'iAn³)qÛa]
ñ¯íî?ñxò
Y¥ @ m lD
*¬ ?³lnS]gnß Hc]8¬ o [ivq R CM%i i !@ m n³)_*(]h¥
}¥   i lD<¬ ³jlTSY] ßcH ]A¬ o 4mNq R CM%< i !@ m ³)_*(]h¥
R¥ @ m lD
*¬ p'itl <¨¬o Ù  q R CM%<'iN!@ m ³)qÛ B %i'i @ m#)¥
yzAgYpn\²_y¢d
ft\	iYftZ]|Yv{\°rt 2ftyzRdmjft}\a
\[d~jepny{	je\«IV$y{Z]\	jnfhYv{\ è \[dey{hoqpnrhYv{\Z AyzA\yz@ù#¿¥
 ^ ^
u  ^  
^ ^ 
ftR
^  ^ 
a   ^  
  ^ ^
uk fhdnd~y{hYZ]\[Aj  ¯gY}	jey{rh C ,
CM%< R !@ R nß\)qÛa]
CM%< R !@ Ù H)qÛa]
CM%< S !@ S j]#)qÛa]
CM%< Ù !@ Ù j]#)qÛa]














































	i>ÜÛ_%@ R A@ S AB  C )Wn³  qrt ?Õ°oªÖ
×]fhd5 ¯rAvzv{rFkd-,
yL¥B³*Û$w M+¥kft} £ftpn\°ftClftpnYyzjepftpnyzv{lOdeZ]fhvzvpfFjnyzrA}ftv0CgYZ§R\[p[¥
y{yL¥@ R ÛES2O RR 8YZYZYZ3O S >R ]A¬ @ S Û"SO RS ZY8YZYZHO > 9 4S ]
WY\pn\b @ R bAÛß b <~btÛ ß°ft}yb @ S bhÛb <~bZw b 
 b8Ûw M
yzy{yL¥ TqX sR¬] * qK* ft}]^*"s*VM+¬ %CO iR 3O mS ) l4B'yz 2ft}IrhYv{lOyz  BP%i i @ m )qÛa]A¥  IjnWYy¢dkfAd~\A¬ C %CO iR 3O mS )ªÛ
y{0¥ TqX sR¬ `Kw ]^*!qK* ßPftR ] * s *KM7¬ %6O iR HO mS )Wl4B
0¥ TqX sR¬ ] *qJ*¨fh}8M w] * sT* M wt¬ ³nlsS]gnß Hc]8¬+%6O iR 3O mS )%lxB yz ©fh}rAYvzlyz  sÛ M w%lq2w ³ 
ß\) Z]rT$w ] fh}43v%<'iNn³K)qÛ [}¥  jnWYy{dBfhde\h¬ C %6O iR 3O mS )qÛ %K³ ]#) w[¥
CyL¥ TqX sR¬  w ]/* q)* ßftR MOw ]/* sG* MOw!t¬  ³ l S]gnß Hc]8¬r%CO iR 3O mS )xl B yz §ftRrhYv{l=y  Vs Û
M w" %pq #w¦³¡ß) Z]rT ` w]$ ft} 3v%i'i ³)ªÛa]h¥  IjeWYy¢dkfAd~\A¬ C %CO iR 3O mS )qÛM%L³ ]) w«¥
,  æ&%©æ ¯ æ >! ·	º('*).%+YX )$½·º Â · * ¹.ºL»x¸]¾tÅ À * ÅÆÄTºK» * Ç *-, »xÇ À º¿¾tÇ Á ·.YX *-, ¹.¶ * ½	Å{·	¸ ËÌµ©Í '/0, »xÇ À º ¾FÇ Á ·. *1,32 · À ºL¶» Á º ·Ã
4 »x¸]·º ¾h½Åz·Pµ$¶ * ½Åz·¸ ¾AÃF¸*»xº À ¾²¹ *ÔÀ »xºK» , ¾FÇ À Lª·¶°º Â ·	Ç&56'*).%+YX )©Û w$7w$8 '9 º Â ·	¶WL2» À ·5:'*) .%;X )
 mw7uw$< '
,  æ?æ-kæ- %  æ&%©æ ¯ æ  ,qu²dedegYZ]\PjeW}ftj Cy¢d
ftfhdndeyzAYZ]\8j$ ¯gY}jnyzrA ¯rhp=R¥qYrhp)SIÛ^] ßc+Y¬C©\[ftT\.RY\
U> Û SY%6O iR HO mS ) D ]^*!q*?j] *@s *KMnCM%<'i @ m +ST)qÛ_]]
@ SY%6O iR HO mS ) D ]^*!q*ßHM w]^*@s *KM wA C %6O iR HO mS )ªÛM%IS  ]#)&w8]
















ßw?[¥   qy jPy{d²YrtjBjeWY\*fhde\h¬RjeW}\ÓjnWY\pn\¨ftpn\¨ftjBvz\«fhd~jBjmr_Z_fFjnW}yzY8dBrh8jnfhyzYy{YO\«Th\«dk
WYr8d~\¨©\[yzAWAjky¢d°ß w?
ftRjeWY\*d~g}Z rt 2jeW}\¨\y{hW8jndBrt 2jeW}\[de\¨Z_fFjWYyz}Adky¢d 7jw¦ß<«¥²ukv{v5\[TA\[d0%CO iR 3O mS )
y{jeW}y{d²Z_fFjnW}yzY U d~g}WjeW}ftj
]* qK*t¬ ]^*&sj*Méfhrh}d~jepng}	j$|Rftpejey¢ftv{vzlftfhdnd~y{hYZ]\[Aj
 ¯g}}jnyzrA2C ,ªy   %CO iR 3O mS ) l U d~g}WjnW}fFjv]^* q_*t¬





×Cy{}	\A¬ ftRJOfhpe\qfhCl²ftpnYyzjepftpnyzv{lBdeZ_ftv{vtpnftjey{rh}fhvFCgYZ¨.\p«¬ ¯pnrhZ oqpnrh|.rAdey jnyzrA]^h¬«g}d~y{Y
8ft|°pe\«Tg}	jey{rhPje\«WYYy¢®Ag}\
àde\\  1Y¬?^[ p¬Y\ftT\«Tg}	\°jnW}fFj#,
 âCæ  â   /0, ÚÛÝÚ 5qÇ * ¹ * Å FÇ * ¸*»à¾FÅºK»x¸_·*¾n¹h¹0¶ * cA»x¸_¾FºL» * Ç£¾FÅ È * ¶»xº Â ¸ ,* ¶¹.¶ * ½	Åz·¸ |Ú^}?{"L2»xº Â ¾FÇ7¾¹h¹.¶ * cA´
»x¸_¾FºL» * Ç+¶e¾FºL» *]À ¸_¾FÅxÅz·¶º Â ¾Fº  W  '





C %6OI)©rt  f¨YrTT\)O]rh &> jer§R\BjeWY\°d~g}Z rh  \y{hW8jndªrt  ftv{v.\[TA\[dqy{}y{T\[8j©jnr¨h\[p~jn\	i OR¥ +\²Y\Yrhje\kjnWY\PZ]ftiTyzZ§gYZÞrt 
C %6OI)©rFh\[pfhvzv.h\[p~jny{\[d©CljV %i>)¥ \	j
Ú$%i>)©.\BjnWY\PdegYZ#rh ?jeWY\°\y{hW8jnd©rt  fhvzv0\«Th\«dªrh  hpft|YWk>]¥ 7\°T\}rtje\²jeW}\
Z_fFiTy{Z¨gYZ#T\[hpn\\krh jeWY\PYy{|}ftpejeyzje\²hpft|YW> Cl`%i>)¬Tyzjnd©CgYZ¨.\prt \[TA\[dqCl M@%i>)©ft}_yzjnd©CgYZ¨.\prt ?A\pejey¢	\«d
Cl B%i>)	¥
,  æ&%©æ ¯ æ  ! ·	ºt>Û_%@ R A@ S AB  C )§½·*¾Lª·» È Â º¿·Ã½	» ¹}¾F¶ºL»xº ·PÈh¶e¾¹ Â ' ! ·º5³¾FÇ.Ã ½·¨º6L * »xÇ}º ·LÈ8·¶ À' 4 Â · ÁT*FÀ º
*-, º Â · * ¹0ºK»x¸_¾FÅ À * ÅÆÄTºL» * Ç ,* ¶º Â ·¨»xÇ À º ¾FÇ Á · 	i>mn³   *-, ËµqÌ
Í» À ¾tºªÅz·¾ À º	<%i>)ªÛ
 - %i>)&wMx( [ %i>)L Â ·¶e·
 - %i>)ªÛ M 5@PV %i>)W Ú$%i>)³  5Y W  [ %i>)©ÛM45 P`%i>)0 M"%6>)³ 













,  æ&%©æ ¯ æ ! ·	ºR>½·¾nLª·	» È Â º ·Ã+½» ¹}¾F¶ºL»xº¿· Â n¹Y·¶KÈh¶e¾n¹ Â ' 4 Â ·Ç)> Á ¾FÇ½n·ÃA· ÁT* ¸k¹ *ÔÀ ·Ã À Ä ÁÂ º Â ¾Fº°º Â ·Iº * º¿¾tÅ
ºL¶e¾FÇ À ¸*» ÀÀ » * ÇºL»x¸_·» À  - %i>) '
,  æ&%©æ ¯ æ ! ·	º > ½n·P¾ Lª·» È Â º¿·Ã*½	» ¹}¾F¶ºL»xº · Â n¹Y·¶KÈh¶e¾n¹ Â ' 4 Â ·Ç?> Á ¾FÇ½n·²Ãh· ÁT* ¸B¹ *FÀ ·nÃ¨»xÇ [ %i>)B¼Ô¾tÅÆ»àÃLª·» È Â º ·nÃ
¸_¾Fº ÁnÂ »xÇ8È À'





















 ªâ  $"! ·º >é½·_¾½» ¹}¾F¶ºL»xº¿· Â n¹Y·¶KÈh¶e¾n¹ Â ' ! ·	º M@%i>)]½·§º Â ·*Ç}ÄT¸_½n·¶ *-, ·ÃÈ8· À *-, > '/+, `%i>)J* 4   5©º Â ·Ç> Â ¾ À ¾O¸_¾Fº ÁnÂ »xÇ8È *-,°À »«·P³ À Ä ÁÂ º Â ¾tº©º Â ·
¹ *ÔÀÀ »à½	Åz·§¼F·	¶ºL» Á · À*1, Ãh·¿Èh¶e·· 4   ¾F¶e· À ¾FºLÄT¶e¾Fº ·Ã '






  C 
h)	¥2V$WY\O\²fAY_\«Th\«d2jer?>rXRderjnW}fFj >rX}.\[rhZ]\[df 4   ÐLpn\AgYv¢ftpqWClC|R\[peApnfh|YW?¥5×CyzR	\)M@%i>)
\[Yh\[dPftpn\§rhZ]y{YrAgTjPrh Ê¬M( 4    M"%6>)B\«Th\«dBZ§g}d~j².\]fAYT\«jery j«¬?ft}y jfh.\*TrAY\*R\«ftgRd~\§y j°y{d







 Tv)lCy{\v¢YdjerOf 4   Ð¿pn\hg}v{fhp©Yy{|}fhp~jny jn\W8lC|.\pnhpft|YW ¥++\fhI\i8jnpnfAjkf*|R\[p~ ¯\«jkZ_fFjWYy{YU  ¯pnrhZ#deg}WIf§hpft|YW ¥V$WY\[pe\²y{dYr*\[Yh\PR\jm©\[\%
)ªfh} %
v)ªjeW}\pn\	 ¯rhpn\kjnWY\pn\°ftpn\Pß%l ³)ª\[TA\[d©rt 
U dnfFjngYpfFjey{Y§jeWY\}\ A\pejey¢	\«d¥5V$WY\rtjnWY\p$\«Th\«d$rt tU ¬CjnW}fFjky¢djer_dnfÔlß  +³+ßK%p+³)qÛ ³O\«Th\«d¬Yfhpe\Py{4>]¥




uZ_fFiTy{Z_ftv}Z_ftjnWYy{Yrh ?Yyz|Rftpejeyzje\kZ§gYv jnyzApnfh|YW> fhOR\k ¯rhgY}Oyzw%pB%6>) R S (M@%i>)N)2g}deyz}jeWY\VkgY}Aftpny¢ft
Z]\	jnWYrT"Kd~\[\ z^Ôp¥qV$WY\[pe\ ¯rhpn\h¬Cy jky¢d$jnWY\	rAZ*|}vz\iCyzjml_ ¯rAp4}}Ty{Y*jeWY\Z_ftjnWYy{Y]rt 5vz\[Z]Z]f^A¥
,  æ?æ-
æ- ,  æ%ªæ ¯ æ      `%i>) # 4   ¬Yfh}\«Th\«dªjnr*jeWY\°h\[p~jny{\[drt 5d~Z_fhvzv{\[d~j$Y\hpn\\«dyzrhpT\pjnr§W}fÔA\`%i>)kÛ 4   ¥²V$W}\RrAgY} [ %i>)²TrC\[de jPW}fhYh\A¬RftRjeWY\[pe\ ¯rhpn\jeW}\¨pn\[degYv j²jerCr}¥²V$WY\¨|YpnrCrt 2y¢d²TrAY\\«fhdeyzv{lICl
y{}Tg}	jey{rhrh 4   ,




h\[peyz ¯lCyzY 4  
  Û
4  
 !]h¥q×Cy{}\jeW}\pn\ftpn\ftjOZ*r8dmj³¦h\[p~jny{\[d]rh °T\[hpn\\ 4  ¬ªjnWY\hpn\[ftje\«dmj_T\Ape\[\rt %>
°WRfhd_T\«	pn\[fhde\[?¬©ftRs>
°y¢d_deg}W=jeW}ftj`%i>
 ) * 4  









rt 5dmjn\|}dky{d$.rhgYRT\[Clf]|.rhv{l8}rhZ y{B%i>)¥ +\g}de\y jky{Ód~\«jnyzrAÓT¥









y jnW³ b M@%i>)N© ¯rhp

WYy¢Wy jky¢d[¥







rt qApnfh|YW}dBdeg}WjnW}fFj²jeWY\§|}ftpftZ]\	jn\p g[Py{d²\[®8g}fhv?jnr ]h¥ ?\	j >ÞR\*fOApnfh|YWÓd~g}WjeW}ftjg[ %6>)PÛ ]A¥*ÖlT\j}Yyzjey{rh?¬©\*W}fÔA\`%i>)°Û ]_ft} M@%i>)u* ³0¥*V$WCg}d[¬jnWY\_deWY\«TgYv{yz}Iy¢d	rAZ*|.rAde\[rt V] d~je\[|
ftRjeWY\]	r8dmjPrt qjnWYy¢dPdnWY\«TgYv{yzY	rApepn\[de|RrA}Yd$jnrjnWY\*vzrF\p²RrAgY}¥YrApBjnWY\*pe\[Z]fhyzRT\p²rt 2jeW}\*de\[	jey{rh?¬0\§rAYvzl



















9 ÄTºÆ¹0ÄTº ¿u de\	jkrt Fftv{y{\y{hW8je\«Z_fFjWYy{YAd[¥
^h¥ª×C|Yv{yzjk\h\[pel_\«Th\^h¨rt  >'y{Ajnr vd( \[TA\[d$W}fÔCy{Y§\«fhWf*©\[yzAWAj\«®8g}ftv0jnrª¬Y
W}y{Wv{\[fh}dªjnrOf*Z¨gYvzjey{hpft|YW	$£¥
T¥qyzR  [ %$ )Ffhvzy¢\y{hW8jn\[IZ]ftjnWYy{Y8d$
WYrAde\°gYYy{rhy{d$Ê¥
Y¥ qA\pnlOZ_fFjnW}yzY]pn\|Ypn\[de\8jdf]rhZ]Z¨gY}y{[fFjey{rhd~je\|rt 5v{\YhjeW4ª¥
 æ  % # â à ã   jdrhZ]|Yv{\	iTyzjmly{d hB%$) RNS (:M@%$ ) S  Û !lB%6>) RNS (:M@%i>) S (zV %i>) S" ft}jeWY\[pe\ ¯rhpn\
|}de\g}YrtÐ¿|RrAvzlCYrAZ*y¢ftvdeyzR	\PjeWY\pngYY}yzY*jnyzZ]\rh ukv{hrApeyzjeW}Z^T\|.\}}d
vzy{Y\«ftpnvzlOrAjnWY\\y{hW8jnd$rh  >]¥
  # ¯ ã¦æ-   â  æ #   æ  ?\jE@'`8.%i>mNM)$.\°jeWY\rAd~j
rt  jnWY\derhv{gTjey{rhhy{h\[ICluBvzArhpny jnWYZ ]h¥
uBdndegYZ]\v}pd~j[¬jnW}fFj°jeW}\*\y{hW8jdBrh ªjeW}\*\«Th\«dPrt _>ftpn\¨Z§gYv jnyz|}vz\_rh Kª¥]V$WY\_T\j}Yyzjey{rh}dPrt  g[§ft} - y{Z*|}vzl
M(g[ %$ )_* - %i>)&w ÊftROjnWY\pn\	 ¯rApe\,
@'`8.%i>mA ) Û  (  [ %$ )&wMy(  [ %$ ) m^
*  - %6>)&w  (  - %6>)&w  wM K
*   w]  (  - %6>)&wM àY
V$WY\[pe\ ¯rhpn\h¬}rh}dey{Y\p
jnWY\§[fhde\
WY\pn\uÛ q¥²×Tyz}\rh}vzlhpft|YWRd >#d~gRWjeW}ftj [ %6>)Z ßOftpn\¨	rA}d~y¢T\[pe\«¬Y\
W}fÔA\ <%i>)t  - %6>)&wßq¥qYpnrhZê\[®8g}fFjnyzrAY¬T©\A\	j







@$'`Z.%6>mNM)©Û @'`8.%i> X NM) * - %6> X )&w  (  - %6> X ) wM4wx K
+\°rhZ]|}fhpe\ <%i>)©jnr %6>
h)	¥ 7\W}fÔA\ g[ %i>
 )qÛ  [%i>)¬RYgTj  - %6>
h)$Tyx.\[pnd-,
 - %6> 
 ) Û M 5@P$# V %i> 
 )0&% Ú$%i>
 )³ ')( lY
* M 5@PV %i>)&w %i  ]) `%i>)0 Ú$%i>)2w %61 ]#) M@%i>)³  L\
*  - %i>)&w %i  ]) ( [ %i>) l1Y
YpnrhZêyzTÐ¿\[®8g}ftjey{rh}d
*ftR`1}¬T©\°A\	j





/ Çt¹.ÄTº u Yy{|}ftpejeyzje\°Apnfh|YWk>]¥
9 ÄTºÆ¹0ÄTº ¿u de\	j
rt 5Fftv{y{I©\[yzAW8je\[IZ_fFjWYyz}Ad[¥








@'`8.%6>mNM) *  - %6> X ).%']Kw  )&w kwx ~^[Y
* ß <%i>)&w¦ß%i2g[%6>)8) ~^h^
+\²fhOZ]rTTy  ¯l]jnWY\Pyz}d~jnfh}	\²rt Õ°o©Ö$×_yzIrhpT\pªjer*W}fÔh\ Û_]h¥2ÒÓrApe\[rFh\p«¬hdeyzR	\B\BrAYv{l]rh}dey¢T\phpft|YWRd>
deg}WjeW}ftj [ %6>)t ßT¬Rukv{hrhpnyzjeWYZ ]y{dBf]|}d~\[g}TrhÐL|.rhv{lCYrhZ]y¢ftv0jey{Z]\§fhvzArhpny jnWYZ# ¯rhp²Õ°oªÖ
×
y jnWftÓft|Y|}perÔiTy{Z]ftjey{rh










×Cy{}	\  * fhvzvªjeWY\O\y{hW8jdrt R> ftpn\]RrAgY}T\«¬jeWY\[pe\ ¯rhpn\h¬fhvzArhpny jnWYZ^_y¢d|.rhv{lCYrhZ]y¢ftvL¥  }Y\\[MV %6>)m*




y jnWf§Z_fFjnpeyzi] ¯rhpnZ¨gYv¢fFjnyzrA ªf§|.rhv{l8}rhZ]y{fhv.fhvzArhpny jnWYZ  ¯rhp$rh|Yjey{Z*y{­y{Y§jeWY\Pg}de\	 ¯gYv0jnpnfh}deZ*y¢dnd~y{rhO
yzjeWIyzIjeW}\





@$'`Z.%6>) *  - %i>)&wMx("%lB%i>) S w&B%i>)&w ]#)
*  - %i>)&w Ú$%i>)³
* ß?( <%i>)
V$WY\[pe\ ¯rhpn\h¬C©\[ftT\[TgR	\°jeWRfFj-,
 âCæ  â   4 Â ·¶e·» À ¾²¹ * Å FÇ * ¸*»à¾FÅÆ´ ºL»x¸]·*¾n¹A¹.¶ * cA»x¸]¾tºK» * Ç+¾FÅ È * ¶»xº Â ¸ ,* ¶
ËµqÌ









ft\[Yh\°W}fhd$.\\[pe\[Z*rFA\[¯Z]\	jnWYrTg}d~\«y{@z^.L¬  >ft}  jer_rATjnfhyz|RrAvzlCYrAZ]y{fhv ÐLjey{Z]\°fhvzArhpny jnWYZ_d 	¥
 æ  % # â à ã  +\Og}de\]jeWY\ BgYY8ftpny{fh+Z]\jeWYrT+rt k	rAZ]|Yvz\iTy jml  %6M"%6>)%( B%i>) R  S )P ¯rhp}}Ty{YfZ_fFiTy{Z¨gYZ
fhpnYyz}fhvzyzjmlZ_fFjWYyz}²y{*fPYy{|}fhp~jny jn\©Apnfh|YW?¥}rhp5.rtjeW]WY\[gYpny{d~jey¢d[¬tfFj2\[fAW§d~je\[|?¬hfFj2v{\[fAdmj2rh}\©\«Th\y{d5pn\Z]rFA\[° ¯pnrhZ






	  	   
/ Çt¹.ÄTº u Yy{|}fhp~jny jn\PApnfh|YWk>]¥














	     
/ Çt¹.ÄTº u Yy{|}fhp~jny jn\PApnfh|YWk>]¥
































































































































































































 ²Å È * 4R·	Å	h¬.ÒÓX­[\h¬}}pnfh}	\A¬YÒfÔltAAT¥
ù§Ñ²¥YÖ\pnh\A¥
¶n¾n¹ ÂCÀ ¬RW}fh|Tje\[pkT¬Y|}fhh\[dP^«A0^[AY¥ ÏBrhpejeWTÐ krAvzv¢ft}?¬^-\18T¥
  o5¥YÖP¥YÖW}fFj«¬O¨¥¥ Õ]¥8oªpnfAdefhY}fY¬Tfh}Ñ²¥¥ù×0¥YakfhhW}fÔA\}TpfY¥Ö©v{rT¤IÑ©lT	v{y{Pa
\[Yy{d~jepnyz}gTjey{rhrFh\[p
B\	je\[perAh\[Y\rAg}d
ÏB\	jmrhpn¤Cd[¥   / Ç}º ·	¶Ç0¾FºL» * Ç.¾tÅ * Ç , ·¶e·	Ç Á · * ÇÊµ
¾F¶n¾FÅxÅz·ÅB¾FÇ0Ã» À ºL¶»xÇ}ÄTº ·nÃ * ¸B¹.ÄTºL»xÇ8È+Í  À º ·¸ À ÉàµÍ	ÎF¬ ^-\1}¥
 >¨w*¥TÖrhYAyzrFFfhYYyL¬ è ¥RÑ©rh|Y|.\pdeZ*yzjeW ¬Cfh}ÓÑ²¥CÕ]¥I+rhYR¥uB±²|TjnyzZ§gYZêV$y{Z]\°×Cv{rtjku²dedeyzAYZ]\8j
ukv{hrhpnyzjeWYZÞ ¯rAp
fh]×Y× FV è Òu ×ClTd~je\Z'
y jnW qftpny{fhYvz\kÏBgYZ¨.\pªrt V pft}de|.rh}T\[pnd[¥ / ! 4Y¶e¾tÇ À ¾ Á ºK» * Ç À0* Ç" * ¸*¸§ÄTÇR» Á ¾FºL» * Ç À ¬
\KK,ÆtY^#Yh>}¬Y^-1Y^h¥
ùo5¥.Ñ©pn\[dn	\[Y­yL¬ è ¥%$By¢ftrhjey{\h¬YftRÓÑ²¥ ¥Yo2ft|RfhTy{Z]y jnpey{rhg?¥©±²ÓuB|Y|YpnrÔiCy{Z_fFjnyzY_f_×TWY\«TgYv{yz}_oqperAYv{\Z¥'& * ÄT¶Ç.¾tÅ
*1,  * ¸]½»xÇ.¾tº * ¶»à¾FÅ 9 ¹.ºL»x¸§»«¾FºL» * ÇR¬., \18(Y>CC¬8hh}^h¥
  ¥ è \«d~|}pe\[­h¬*)R¥ è rh}AftpnpfY¬Ru¨¥o5\	jeyzje\j[¬Ñ²¥akfh}Tpny{fhZ_ftpnr}¬0ft}+§¥a
rh.\pej[¥¨×YWY\[Tg}vzy{YÖ©v{rT¤8ÐmÑ©lT	v{y¢¨ukpnpfÔl
a
\«Ty¢dmjnpey{YgTjnyzrA?¥ /!! 4T¶n¾FÇ À ¾ Á ºL» * Ç * Çµk¾F¶e¾tÅxÅz·	Å2¾FÇ0Ã,¨» À ºK¶»à½ÄTº¿·Ã*Í  À º¿·¸ À ¬K K,{^-AThAT¬}^-\1Y¥
Æ#¨×0¥ªh\ ¬ u¥  jftyL¬ ft}+u¥ ×TW}ftZ]y{p[¥_±²jnWY\_	rhZ]|Yv{\	iTyzjmlrt ©jey{Z]\	jnfhYv{\]fh}Z§gYvzjey¢	rhZ]Z]rTTyzjml-}rF |}perAYvz\[Z¥
Í / /.0& '  * ¸B¹.ÄTº ' ¬RO, \}^#Yth}¬}^-C }¥
 1 Ò£¥ a¥w°fhpe\[lÞfh} è ¥ù×0¥)ArhWY}derh ¥  * ¸k¹0ÄTº¿·¶ À ¾tÇ.Ã / ÇRºK¶e¾ Á º ¾h½»xÅÆ»xº 01
$ÄT»àÃh·Üº * º Â · º Â · * ¶W *-,V( µ´ * ¸B¹.Å{·	º ·	Ç0· ÀÀ ¥qfO×C\[pey{\°rt .rCrh¤Td$y{Z_ftjeWY\[Z]ftjey¢fhv?deyz\[}	\«d¥OÜ¥ ÜYpn\\[Z]fhfh}	rAZ*|RfthClA¬.^#8>Y¥
  ¨w*¥ªu¨¥©wP\y¢d~j[¬)}¥qu¨¥©Õ²rhWYvL¬©fh}=o5¥©Ò£¥qo2fh|}fhTrA|RrAgYv{rAd[¥Ñ
	²Ò	 P×,©oqpnrF8y¢Ty{Y£}fhgYv jeÐ¿Vrhv{\pftR	\h¬By¢d~gRftvzÐ
y{­[ftjey{rh¡ft}£×8jn\\pny{YÓrt $o2ftpftv{vz\[vquk|Y|Yv{y¢fFjnyzrA}d[¥ / ÇRº¿·¶Ç.¾tºK» * Ç.¾FÅ2& * ÄT¶Ç.¾tÅ *-, 3 » È Â µ
·¶ ,* ¶¸_¾FÇ Á ·4 * ¸B¹.ÄTºL»xÇ8È¹h¹.Å » Á ¾tºK» * Ç À ¬ ^A^K,ùht5ItY¬YuBgYhg}d~j^-8C¥
{^[   ¥ù×0¥?wPrh|}fhvfh}7Ñ²¥ Õ]¥7rAY}¥°ÒÓy{YyzZ]y{­y{YIjeWY\*CgYZ¨.\p°rt ªde
yzjnWYy{Yy{7fh7dnd ÔjnTZ_fId~lTd~je\Z¥ /!  4T¶e¾tÇ À '
* Ç * ¸*¸§ÄTÇR» Á ¾tºK» * Ç À ¬ ^#1\18T¥
{^h^.§±Pfh¤Oa
y{Yh\ÏBftjey{rh}fhv ftRd¥2ÒiT?¥7698:8;=<>:>	?:??A@CB:DFE'@HGIJLK@NM:GOL>9BB	P9>FE%QJ0¥
{^«¨×0¥FÒÓy¢fhvzyCftR¨¥§¥ qft­y{pftYyL¥8uB 'O%R %6OI) h ) fhvzArhpny jnWYZ  ¯rhp+}}Ty{Y°fBZ_fFiTy{Z¨gYZÜZ_ftjnWYy{YBy{¨A\Y\[pnfhvhApnfh|YW}d[¥
 µ¶ *«Á2'  À º!²Ç}Ç /S!! Í F¸k¹ 'UTE* ÄTÇ.ÃA¾FºL» * Ç À*1,  * ¸B¹.ÄTº ·	¶°Í Á »à·Ç Á ·¬Y|}ftA\[d°^F(T8C¬.^-1hY¥
{^[ Ï¨¥o5fATrFlh¥*a
\[Yy{d~jepnyz}gTjey{rh¡T\_Trh}Yc\«d²\[8jepn\]Y\gTiApnfh|Y|.\[d° rhpTyzRfFje\[gYpd¥¨aBft|Y|.rhpejT\_dmjfth\A¬?T\]v  Vªrhv{\
ÏBrhpnZ]fhvz\×CgY|}cpnyz\[gYpe\T\  lhrA?¬Yth8T¥
{^>r§¥¨¥qfh­y{pnfhYyL¥¹h¹.¶ * cA»x¸]¾tºK» * Ç²Å È * ¶»xº Â ¸ À ¥©×C|}pey{Yh\[p[¬YhhY^A¥
ñ¯íî?ñxò
Unité de recherche INRIA Lorraine
LORIA, Technopôle de Nancy-Brabois - Campus scientifique
615, rue du Jardin Botanique - BP 101 - 54602 Villers-lès-Nancy Cedex (France)
Unité de recherche INRIA Futurs : Domaine de Voluceau - Rocquencourt - BP 105 - 78153 Le Chesnay Cedex (France)
Unité de recherche INRIA Rennes : IRISA, Campus universitaire de Beaulieu - 35042 Rennes Cedex (France)
Unité de recherche INRIA Rhône-Alpes : 655, avenue de l’Europe - 38330 Montbonnot-St-Martin (France)
Unité de recherche INRIA Rocquencourt : Domaine de Voluceau - Rocquencourt - BP 105 - 78153 Le Chesnay Cedex (France)
Unité de recherche INRIA Sophia Antipolis : 2004, route des Lucioles - BP 93 - 06902 Sophia Antipolis Cedex (France)
Éditeur
INRIA - Domaine de Voluceau - Rocquencourt, BP 105 - 78153 Le Chesnay Cedex (France)  	


  
ISSN 0249-6399
